Volume-and acid-sensitive outwardly rectifying anion channels (VSOR and ASOR) activated by swelling and acidification exhibit voltage-dependent inactivation and activation time courses, respectively. Recently, LRRC8A and some paralogs were shown to be essentially involved in the activity and inactivation kinetics of VSOR currents in human colonic HCT116 cells. In human cervix HeLa cells, here, inactivation of VSOR currents was found to become accelerated by RNA silencing only of LRRC8A but never decelerated by that of any LRRC8 isoform. These data suggest that LRRC8A is associated with the deceleration mechanism of VSOR inactivation, while none of LRRC8 members is related to the acceleration mechanism. Activation kinetics of ASOR currents was unaffected by knockdown of any LRRC8 family member. Double, triple and quadruple genesilencing studies indicated that combinatory expression of LRRC8A with LRRC8D and LRRC8C is essential for VSOR activity, whereas none of LRRC8 family members is involved in ASOR activity.
Introduction
The volume-sensitive outwardly rectifying anion channel (VSOR), often called volume-regulated anion channel (VRAC), is ubiquitously expressed and slowly activated by osmotic cell swelling 1, 2 or apoptotic stimulation, 3 thereby being involved in cell volume regulation and apoptotic death induction. 4, 5 The VSOR current is phenotypically characterized by volume sensitivity, intermediate single-channel conductance, mild outward rectification, voltage-dependent inactivation kinetics, weak-field strength anion selectivity, non-hydrolytic dependence on intracellular ATP, sensitivity to intracellular free Mg 2C , and openchannel block by extracellular ATP. 6 Recently, the leucine-rich repeats containing 8A (LRRC8A) protein was identified as the essential component of VSOR by 2 independent research groups. 7, 8 Further studies from the same groups showed that functional VSOR currents require, in addition to LRRC8A, at least one of LRRC8A paralogs (LRRC8B/C/D/E). 8, 9 Moreover, LRRC8E and LRRC8C were found to play accelerating and decelerating roles, respectively, in voltage-and time-dependent inactivation of VSOR currents at large positive membrane potentials in human colonic tumor HCT116 cells. 8, 10 However, it is not known whether LRRC8A paralogs play similar roles in other cell types. The present study first addressed this question by applying RNA-silencing approaches to human cervical cancer HeLa cells in which the essential role of LRRC8A was also established. 7, 8, 11 Another ubiquitously expressed anion channel, called acid-sensitive outwardly rectifying anion channel (ASOR), is rapidly activated by extracellular acidification, 12, 13 in a manner highly sensitive to temperature, 14, 15 and thereby involved in acidotoxic cell death. 15, 16 Although the molecular identity of VSOR has not been determined as yet, its phenotypic properties have been well characterized as acid sensitivity, strong outward rectification, weak-field anion permeability sequence, and activation kinetics upon application of positive voltages. 13, 16, 17 Our recent study showed that siRNA-mediated knockdown of each LRRC8 family member alone does not essentially affect ASOR activity. 11 However, it remains uncertain whether any LRRC8 member plays a regulatory role in its activation kinetics. Thus, this question was addressed in the second part of present study.
Results
Effects of siRNA-mediated knockdown of each LRRC8 family member on inactivation kinetics of VSOR currents and activation kinetics of ASOR currents
We previously found in HeLa cells that VSOR activity was immensely suppressed by siRNA-mediated knockdown of LRRC8A, but not that of any LRRC8A paralog.
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In contrast, ASOR activity was found to be not significantly affected by gene silencing for each LRRC8 family member. 11 In LRRC8A-siRNA-transfected HeLa (DA) cells, as shown in Fig. 1A , the amplitude of VSOR currents were markedly reduced, as found previously. 7, 8, 11 In addition, depolarization-induced inactivation of VSOR currents became faster (upper panel) with significantly reducing the apparent half-inactivation time in DA cells (bottom panel), whereas the inactivation kinetics was never affected by transfection with siRNAs for other isoforms (DB -DE: bottom panel). On the other hand, as shown in Fig. 1B , activation kinetics of ASOR currents and the apparent half-activation time were not significantly affected by single gene-silencing for any LRRC8 isoform. These results indicate that the inactivation process of VSOR currents is, for some reason, facilitated by depletion of LRRC8A, but none of other LRRC8 isoforms contributes to the activation kinetics of ASOR currents.
In addition to the diminishing effects on the inactivation rate and the amplitude of VSOR currents, Fig. 3 ). This fact suggests that the inactivation mechanism of VSOR is affected, in not only quantitative but also qualitative manners, by depletion of LRRC8A. In contrast, the activation kinetics of ASOR currents was not affected by depletion of LRRC8A ( Effects of multiple siRNA-mediated knockdown of LRRC8 family members on the activities of VSOR and ASOR In order to examine whether any combination of LRRC8 family members is essentially involved in the activity of VSOR or ASOR, we next observed the effects of gene silencing for multiple LRRC8 isoforms. Both outward and inward VSOR currents were markedly reduced not only in DA cells but also in HeLa cells transfected triply with siRNAs for LRRC8C, LRRC8D and LRRC8E (DCDE) or quadruply with those together with siRNA for LRRC8B (DBCDE), as shown in Fig. 2A . VSOR currents were less markedly, but significantly, suppressed in the cells doubly transfected with siRNAs of LRRC8D and LRRC8E (DDE) at §100 mV or with those of LRRC8C and LRRC8E (DCE) at ¡100 mV ( Fig. 2A) . Since VSOR activity was strongly suppressed in DBCDE cells but not in DBE cells, it is conceivable that combinatory expression of LRRC8A together with LRRC8C and LRRC8D is most effective to maintain a robust VSOR activity in HeLa cells.
In contrast to VSOR currents, as shown in Fig. 2B , ASOR currents recorded at negative and positive voltages were not altered in DA, DCE, DDE, DCDE and DBCDE cells. These data may exclude the involvements not only of any LRRC8 family members but also of these combinations of LRRC8 isoforms in the generation of ASOR activity.
Discussion
Based on similarities in some pharmacological properties and the peak amplitudes between ASOR and VSOR currents, it was previously suggested that both types of outwardly rectifying anion channels share the same molecular entity. 13 However, our recent study showed that ASOR currents in HeLa cells were not affected by a number of well-known VSOR blocking agents including DCPIB, NPPB, carbenoxolone, pyridoxalphosphated-6-azophenyl-2 0 ,4 0 -disulfonic acid (PPADS), mefloquine and tamoxifen, 11 suggesting that the molecular basis for ASOR is different from that of VSOR. Actually, the ASOR current amplitude was not affected by siRNA-mediated knockdown of LRRC8A in HeLa cells, 11 despite that LRRC8A was determined as an essential component of VSOR in this cell line. 7, 8, 11 Furthermore, in the present study, activation kinetics of ASOR currents observed upon application of positive voltages was found to be unaffected by RNA silencing not only of LRRC8A but also of its paralog (Fig. 1B) . In addition, ASOR activity was found to be unaffected by double knockdown of LRRC8C and 8D or that of LRRC8D and 8E, as well as by triple knockdown of LRRC8C, 8D and 8E, and by quadruple knockdown of LRRC8B, 8C, 8D and 8E (Fig. 2B) . Thus, it is reasonable to conclude that the molecular entity of ASOR is independent of any LRRC8 family members.
The molecular identity of VSOR was highly controversial for decades, 18, 19 since its functional discovery in 1988 1,2 until recent identification of LRRC8A as the essential component. 7, 8 Studies performed in HCT116 cells showed that VSOR activity requires combinatory expression of LRRC8A and at least one of the other 4 LRRC8 isoforms. 8 The present gene-silencing study showed that robust VSOR activity in HeLa cells is most effectively maintained by combinatory expression of LRRC8A with LRRC8C and LRRC8D ( Fig. 2A) . A recent reconstitution study demonstrated that the complex of LRRC8A with LRRC8D or LRRC8E is sufficient to form anion channels activated by hypotonicity or reduced ionic strength. 9 However, it must be pointed out that, in several fundamental properties, the reconstituted anion channel is distinct from VSOR. The reconstituted channel activity was not dependent on intracellular ATP, did not exhibit time-dependent inactivation upon application of positive voltages, and had a much smaller single-channel conductance. 9 Thus, it seems likely that some as-yet-unidentified non-LRRC8 component(s), X, is additionally required to reproduce a whole set of the phenotypes of VSOR. Actually, combinatory overexpression of LRRC8A with any other isoform was found to fail to increase VSOR current amplitudes above wild-type values in HEK cells. 8 Furthermore, our recent study indicated that deficiency of VSOR activity in cisplatin-resistant KCP-4 cells is due to aberrations of some component other than LRRC8 family members. 20 Hence, it is likely that the complex of LRRC8A, LRRC8C, LRRC8D and X forms the core of VSOR pore in HeLa cells.
In the present study, depletion of LRRC8A, but not of any other isoform, was found to hasten the inactivation of VSOR currents in HeLa cells (Fig. 1A) . This suggests that LRRC8A per se or its associated regulatory subcomponent serves as a decelerator for VSOR inactivation in HeLa cells. In contrast to the previous results obtained in HCT116 cells, 8, 10 we did not observe any effects of LRRC8C and LRRC8E knockdown on the VSOR inactivation kinetics in HeLa cells (Fig. 1A) . Thus, it appears that molecular nature of accelerator and decelerator involved in the VSOR inactivation mechanism is different from each other depending on the cell types. This difference may be most simply explained by assuming that modulation of the VSOR inactivation involves some auxiliary components associated with the VSOR pore/gate proteins but not LRRC8 isoform(s) per se. Since siRNA-mediated knockdown of any single LRRC8 isoforms failed to retard the inactivation rate of VSOR in HeLa cells (Fig. 1A) , it is reasonable to further assume that an as-yet-unidentified accelerating factor or subcomponent is associated with X of the VSOR pore complex in HeLa cells.
Based on the above considerations, Fig. 3 depicts a hypothetical model of the structure of the VSOR pore domain, which contains LRRC8A, in HeLa cells. Its hexameric structure is inferred on the basis of a molecular similarity of LRRC8 proteins to pannexins. 21 More specifically, the hexameric VSOR pore is formed by the core complex of LRRC8A with LRRC8C, LRRC8D and X, and accessory accelerating and decelerating subcomponents (a and d: Fig. 3 ) are associated with X and LRRC8A, respectively. It is plausible that availability of the accessory accelerating subcomponent (a) is limited in control HeLa cells, and, therefore, fast-inactivating pores associated with a coexist with slow-inactivating pores without a (Fig. 3A) . Under these conditions, the inactivation of wholecell VSOR currents should exhibit a doubleexponential time course (inset in Fig. 3A) , since 2 distinct populations of open-state pores are present. When the total number of active pores was reduced by depletion of LRRC8A, such a limited number of a becomes sufficient to bind to all of the remaining LRRC8A-containing pores, giving rise to a uniform population of a-associated pores (Fig. 3B ) that generate fast-inactivating currents with a monoexponential time course (Inset in Fig. 3B ).
Further studies should be required to verify this hypothetic model by which the precise molecular mechanism for VSOR inactivation will be unequivocally understood. On the other hand, the molecular mechanism of voltage-and time-dependent activation of ASOR should await its molecular identification in future.
Materials and methods
Cell culture of HeLa cells, modification of gene expression, and whole-cell patch-clamp experiments were performed as previously described. 11 For double, triple or quadruple knockdown, cells were transfected simultaneously with multiple siRNAs for hLRRC8 family members. The apparent half-inactivation time of VSOR anion current was estimated by the time point, at which the inactivation reached half of the total inactivation after 1 s of step pulse at C100 mV. The apparent half-activation time of ASOR anion current was estimated by the time point, at which the activation reached half of the total activation after 600 ms of step pulse at C100 mV. Data are presented as means § SEM of n observations. Statistical analyses were made by ANOVA-Bonferroni test.
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